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SOLAR FLARES: AN EXTREMUM OF RECONNECTION
by
Stirling A. Colgate

Los Alamos National Laboratory
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I will attempt to emphasize three points.

1. I believe that the solar flare is that particular astrophysical
phenomenon that is the extremum of reconnection. No other phenomenon
of which I am aware demands as rapid magnetic flux annihilation as is
seen in the solar flare.

2. Plasma physics experiwents can and should be performed in the labora-
tory that model reconnection as we observe it in astrophysics.

3. I believe that stochastic field lines derived from something similarv (o
Alfvén wave turbulence ave a necessary part of reconnection.

We performed  experiments some 20 years ago at  Lawrence Livermore
Laboratory that gave a hint of what 1 believe is happening in the rapid
reconnection in solar {lares.

In this panel discussion Biskamp has just made the poiat that w- need
to "break the topology in the third dimension to explain reconnection.'"  The
experiments that we pertormed in the laboratory years ago were ones of
mapping the flux surfaces and showed that we had broken just this symmetry;
namely, that we no longer maintained a simple cylindrical geometry but had
produced a more complicated one.  This is gimilar to what Ed Houes has seen

with high-cnesgy particles in the magnetotail,



Solar Flare Topology

Many photographs in optical, EUV, and x-ray wavelengths support the
general picture of a twisted loop of flux much like the original picture
that Tommy Gold presented for the mechanism of the solair flare. From the
magnetic field strength and the density ard temperature derived from the
emissivity observed in these loops, it is reasonable to infer that the
magnetic field configuration is very nearly force free. It is likely that
the twisted flux tube or force tree field is the basic topology of unstable
fields on the sun's surface. However, most modeling of reconnection is done
in the limit simiiar to the Petschek mechanism where the fields are exactly
opnosite at the reconnection layer, i.e., a neutral point or neutral plane
as in the magneto tail. The force free fields of the sun, on the other
hand, imply a different topology, namely, one where there is a strong mag-
netic field in the direction of what wculd have been called "the ignorable
coordinate" or the null surface of the models of opposed field reconnection.
The addition of the uniform f{ieid throughout the opposed field configuration
adds a further constraint to the fluid motions allowable in reconpection as
we have just heard reviewed by Biskamp.

Shear and Field Topology

Once a magnetic fiecld is added in tie direction of the ignorable
coordinate, i.e., the nmull line, then this becomer i@ sieared {icld,  The
lield vector rotates as a function of the distance perpendicular to a flux
surface.  Most frequently o plasma astrophysics people have called this
rotation of the magnetic vector “shear." In cyhindrically  symmetric
geometry, shear leads to a gradient of the pitch. Piteh is defined for an
axisymmetric configuration as the reciprocal of the number of turns of o

tield line per unit length.  When the number of turns per unit length is



different on each flux surface, then interchanges between two such surfaces
is topologically constrained, similiar to attempting to '"thread" a nvt and
bolt of different pitc.u. This topolugical constraint was originally sought
for confinement in thermonuclear fusion plasmas in axisymmetric systems.
There are axisymmetric configurations of a helical field of constant.pitch
where, nevertheless, the 1ield vector rotates as a function of radius.
Tllese configurations, '"the sciew symmetric pinch: are mos* unstable.

in axisymmetric fusion plasmas one might produce shear, either by
internal plasma currents or external winding currents. In the case of
coronal ioops the option of external rigid current carriers is not available
and so onc speaks of a force {iree field with a plasma current that ijs
parallel to the local field vector. This parallel current, J||, or field
aligned current, as referred Lo in magneto:pheric physics is, I believe, the
origin of the instabilities that lead to rapid reconnection. This is be-
cause in luboratory plasma cxperiments the magnitude of this current was
correlated with the case with which the plasma escaped a given contiguras-
tion. Before discussing the experiment that leads te this belief, | wonld
like to outline some of the reasons {or searching for a new and rapid
mechanism of recounection, This motivation is the behavior of the larpest
and most rapid solar {lares.
Conditions of the August 4, 1972 Solar Flare

This flare released some 1031 ergs in several 10's of minutes, appeared

(
as a region on the sun of ~ 2 x IO) omoin major extent and was consistent

. H
with o flux tube of this length and radius of 2%~ 107 em. Une assumes
that an original magnetic field in this volume of space contained an erergy

several times greater than that which was released.  Some maghietic liceld

remained after the flare. One can then calenlate the magnetic tield



strength such that B2/8n =4 x 1’.)4 ergs cm-3 and find B of the order of a
kilogauss. One can also calculute the inductance of the loop viewed as
circuit elcment 2 X 109 cm long and return current at 2.5 times the original
radius or £ 5 X 108 cm. This is 10 henrys only weakly dependent on geometry.
The required paralle! current of a force free field and this inductarce
necessary to store the released energy beccmes 2= 4 X 101] amps. This
current creates the stross in the magnetic field that is needed to store the
released energy. If one interrupts or changes a significant fraction of
this current in the charactleristic time of the energy release of the flare,
namely 1000 s, then the voltage developed along the coronal loop becomes
(d/dt)(LI) = 5 x 109 volts. If there were a reconnection mechanism that led
to a dissipative resistiv'ty that could explain the energy release and hence
current interruption of such a flare, then very obviously a fraction of this
voltage is available for accelerating the particles that are associated with
such a flare. The acceleration of these particles is Lthen a contribution to
the resistance,

In particular the hard gamma rays (and neutrons) have been interpreted
by Reuven Ramaty and Richard Lingenfelter as requiring the acceleration of
4 x l():‘3 protons greater than 30 to 50 MeV. If you assume that these pro-
tons are accelerated during IO3 8, then this requires a proton current of
7 » 1()” amps about equal to the current necessary to maintain the stored
energy of the force free configuration. Present measurements of gamma rays,
as well as x=rays and microwave signals from {lares imply thao the acceleras-
tion of these particles must occur within less than several seconds of time.
Such rapid acceleration makes stochastic, Fermi  type acceleration mechanisms
very difficult under these circumstances, and as a  conscquence, one  is

strongly induced to associate the acceleration with the electric fields of



reconnection or, that is, current interruption. One is further led to the
interpretation that almost all the parallel current has somehow been trans-
ferred to runaway protcns by a mechanism not yet understood. The impedence
presented to the electron flow must become high enough, precamably due to
reconnection, to give rise to the necessary regisiance or dissipation of the
current of the flare.

Comparison of Laboratory Experiments and Solar Magnetic Fields

I wish to compare the mechanism of formation of the magnetic field
co..figuration of a solar flare with the formation of a so-called stabilized
pinch in the laboratory. The twisted or helical magnetic field configura-
tion of the stabilized pinch or twisted coronal loop is predominatly an
axial field on the inside and an azimuthal field on the outside. Tt is the
samec magnetic configuration presumed for solar flares; it is also measurcd
in the labhoratory in the case of a stabhilized pinch. The difference is only
one of time-scales because of the recistive difiusivity due to Coulomh
collision processes. In the case of the solar flare, oune starts with the
emergence of a flua loop and active region. This flux loup may or may not
be twisted, end may or may not have a constant number ot turns per unit
length during the period of emergence of rouguly a week. The further twist-
ing of a flux loop can take plac: because of the Coriolis force induced

motions of the large scale eddies that are associated with the "feet
ftux loop.

During the quicscent presumably stable period of formation, the flux
loop emerges from a medium whose pressure is higher than that of the field.
Alter it emer- * the relative vacuum of the corona, the particle pres-

sure I8 confined by the field stress; that is, the pressure gradient torces

arc  revoersed, The diffusion taking place due to resistivity will be



relatively modest because the diffusion coefficient corresponding to a
resistivity of a plasma at a 10 to 100-eV temperature is relatively small on

the space and time scales of a solar flare. For this temperature range the

> to 5 X ]03 cm2 sec-1 correspondirg to a

7,
registive age for (he loop of 10]1 to 101' s. Consequently, the fluid

resistive diffusivity is 10

motions on the time-scale of weeks can be expected to be represented by the
perfect conduciivity limit. Therefore, "line tied'" motions are expected to
accurately represent the topological variations observed. The loop of flux
can therefore either be twisted further by the hydrodynamic motions of the
surface layers of the sun, or the degree o. twist may be held constant
because no further work is performed by the solar fluid mctions.
The Stabilized Pinch or Laboratory Simulation

The laboratory simulation o1r such a twisted flux tube is performed in
an apparatus called a pinch tube. Here, the dimensions are the order of
10 em diameter so that in order for a plasma to simulate the perfect con-
ductivity limit, the time of formation of the configuration must be less
than the time for the ficlds to diffuse some small fraction of the radius.
Typically, one would hope to see the field configuration Lu be represented
by the perfect conductivity approximation for dimensions greater than a
centimeter or 20% of the radius. Hence for a diffusion coefficient of

107 ('mZ s-l, derived from a plasma temperature of 1J eV typical of these

experiments, the time=scale of pinch formation must be less than lO-S . To
form the pinch configuration in this time therefore requires that the
voltages used, (d/dt)(L1) must be large, because the field must be large and
time of formation small. The magnetic field muisgt be Jtarge encugh and p.asma

dengity low enough such that the Alfven speed is high enough such that many

traversals of Alfven waves can take place duriag the pinch formation time.



This is equivalent to the statement that the formation of the fie'd topology
must occur quasi-statically. Typical field strengths are then 5000 gauss
with particle densities of 1015 cm-3. The Alfvén speed becomes 3 X 107
cm s-1 and hence the traversal time of sound across the diameter is 1/3 ps.
Consequently in this approximation, if the pinch were formed in 5 ps, the
process would be quasi-static in that there would be some 15 traversals of
(magnetic) sound or of Alfvén waves across the system during the formation
preocess.

The voltage required to "drive" this quasi-static formation process can
be derived from the inductance, current, and time. A typical length is
40 cm so that the inductance becomes 2 X 10_7 henrys and the current = 5RB,
= 105 amps. Consequently the voltage ivequired for the formation of such a
configuration in 5 ps is 5 kV. It is because of this voltage and current,
(500 MW) that capacitors are used to form the pinch. The capacitor does not
"drive" plasma inscabilities any more or less than the one-week time scale
for the quasi-static energence and evolution of a solar flare loop. In this
case the energy of the flare is largely developed and stored below the solar
surface before the flare loop emerges.

The initial laboratory plasma conditions are as-iumed quiescent in the
sense that the resistivity of the laboratory experiment corresponds to a
plasma with a temperature of roughly 10 ¢V. The plasma number density in
the case of Lthe laboratory experiment is such that the runaway condition is
marginally close to being met. In the case of the solar flare if the
topological chauge due to its emergence occurs in a week, the resistive
driffusion layer becomes 1.3 X% 10“ cm at kTo = 100 ¢V. This current layer

. Y -3
then also meets the runaway condition for an electron density u ~ 107 cm .



Hence sorme local regions of the solar flare should be similar to the labora-
tory runaway plasma conditions. Therefore, even though a laboratory plasma
is "driven" with a capacitor bank it still forms slowly enough to model the
quasi-static evolution of a solar flux tube. The microscale phenomenon like
plasma oscillations and electron cyclotron periods are so small counpared to
the formation time that the laboratory and astrophysical circumstances are
similar.

Mapping of Magnetic Flux Tubes in a Laboratory Experiment

In Livermore in the early 60's we (Harold Furth and 1) were particu-
larly puzzled that the nested sheared flux surfaces predicted by hydromag-
netic theory for the stabilized pinch configuration gave such exceedinglv
poor confinement of a plasma. This poor confinement was inferred from the
low electron temperatures even in torodial systems. We therefore ftelt it
was necessary to map the flux surfaces to see whether the topological con-
straint inferred by shear was somehow or other broken by another phenomenon.
Consequently we made a relatively small linear pinch tube, 10 cm in diamneter
and 40 cm long, and driven by two condenser banks, (1) to form the initial
axial field and (2) a second to form the pinch. In addition, an electron
beam probe was used to map the flux surfaces by pulsing a short, 10-8 5,
intense several amperr and high energy 500 kV electron beam parallel to the
magnetic field at various radii. The becam was mapped by the fields onto a
phosphor aud photographed from the opposite end, This i3 shown in Fig. 1.
The mapping of the electron beam at the end plate is essentially an instan-
taneous mapping of the flux surfaces within the tube. When a rigid copper
rod carried the current and the electron beam passed in vacuum, then the flux

surface mapped was indeed the sheared magnetic field expected. The original

beam circular spot mapped into a short coherent arc. On the other haud when



a pinch was formed whose radius was roughly half the original, such that the
axial field was compressed i1oughly fourfold and the external 6-field was
correspondingly high, then the simple flux surfaces became stochastic as
shown in the later pictures, Fig. 1. These flux surfaces became exceedingly
distorted very early in time, namely several microseconds. After several
more microseconds in time, half way through the rise of the field, the flux
surfaces became totilly tangled so that the high energy electron beam was
scattered to the wall in less than the full length of the tube. We inferred
from these measurements that for reasons then not understood that the mag-
netic surfaces were being completely destroyed by an unknown instability.
We correlated the strength of this instability with the approach to runaway
condition of the current carrying clectrons. At that time and for many
years since we have not understood a mcchanism whereby the existence of the
tangled field alone would cause energy to be fed into the distortion of the
fie'd associated with it stochasticity. It is my strong conviction that
such a feedback mechanism most likely exists. [If this is so, then the near
runaway condition should establish the stochasticity that leads to the loss
of the more energetic electrons carrying current of the plasma and hence
connect the inside magnetic surfaces with the outside. The loss of Lhese
energetic electrons (or energelic ions necessary to maintain charge ncu-
trality) corresponds to a net dissinalion of magretic field energy and hence
to reconnection. Such a phenomenon would have a threshold tor initiation
associated with rupaway tLhat in turn may be triggered by a topological
change induced by magnelolhydrodynamic instabilities., Reconunection should be
explored in the laboratory Lo help to explain it astrophysically.
1 am indebted Lo Albert Petschek for discussions
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FiG. ' The linear B, pinch is probed with a pulsed 0.05 yis, high-energy, 500 keV, electron gun. The aluminum-coated phosphot
beyond the pinch anode is photographed. and the beam pattern is displaved in the insert on the left The vacuum A, ficld spot size
is small, ~ 1 30 of the diameter (16 em). When a vacuum B, is added by current in the axinl copper tod, the shear of the combmed
fields transforms the spot into an arc corresponding to the different pitch of the adjacent flun surfices Twe pretures are sphiced
side by side, one taken with double H, showing twice the arc length. When a B, pinch is made with B, 3 S000 gauss and /2
2500 A cm ?, the nested-flun surfaces are destroyed and the beam is randomly distributed over the whole pich In the batiom
gieclure. current flow in the plasma equals that in the central copper rod. The resulting large shear partially statihzes the pinch The

am pattecns ure the transforms of the tangled magnetic flux, Courtesy of Birdsall et al. (1962}, and Colgate, S. AL,

1978, Ap. J. 221, 1068.



